The formation of enveloped virus particles requires that key structural components of the virus, and the viral genomic RNA, are brought together at a cellular membrane system where new particles are assembled. The trafficking events, and the subsequent assembly and release of infectious virus particles, is co-coordinated through interactions between the viral structural proteins and cellular proteins. In the present paper, we consider how these events occur during HIV production in macrophages. In these cells, virus assembly appears to occur on a pre-existing specialized plasma membrane domain that is sequestered within the cells. The events that take place at these intracellular assembly sites may endow the virus with unique biochemical characteristics and allow virus release to be co-ordinated through the formation of infectious synapses.
Introduction

Following HIV infection of CD4
+ cells, reverse transcription and integration of the viral genome, new virus particles are formed in the infected cell. For HIV and related lentiviruses, this requires synthesis of three key virally encoded polyproteins, Gag, Gag-Pol and Env, as well as the genomic viral RNA. These components must be transported to appropriate sites within infected cells where they can coassemble to form infectious enveloped virions. Many studies have shown that, in T-cell lines, primary T-cells and model cell lines [e.g. HeLa or HEK (human embryonic kidney)-293T cells that can be transfected to express the viral components], these assembly events occur at the cell surface and give rise to virions that are released directly into the extracellular medium [1, 2] . However, studies from our own and other laboratories have suggested that this direct release mechanism may not apply in HIV-infected monocytic cells. In the present paper, we provide an update on recent work that sheds new light on the process of HIV assembly in macrophages. Our data suggest that, as with other cell types, HIV assembles at the plasma membrane of these cells, but that the plasma membrane domain involved in virus formation is sequestered within the cell and is not physically located at the cell surface.
Macrophages are an important target cell population for HIV and are believed to be infected early in the course of disease [3] . After the onset of AIDS and loss of CD4 + T-cells, macrophages are believed to be the principal producers of HIV. One of the remarkable features of these cells is that they are relatively resistant to HIV cytopathic effects and can survive for months and, in the case of brain microglia, perhaps years after HIV infection [3] . During this time, they are able to shed virus and, given their antigen-presenting activity, to perhaps deliver virus to T-cells together with activation signals required for productive infection. A further remarkable feature of macrophages is the long-standing observation that infected cells, in vivo, ex vivo and in culture, accumulate virus particles within membrane-bound vacuoles [4] [5] [6] . Major questions have concerned whether these vacuoles are sites of virus assembly, the nature of the membranes involved and the biological relevance of the sequestered virus.
Virus assembly
The key viral protein that drives HIV assembly is the product of the Gag gene, and expression of Gag alone can generate non-infectious VLPs (virus-like particles). The Gag polyprotein contains the matrix (MA/p17), capsid (CA/p24), and nucleocapsid (NC) proteins of the mature virus, as well as the late domain (p6) required for virus budding and release [2] . Gag is synthesized on cytoplasmic ribosomes, co-translationally N-terminally myristoylated and targeted to the cytoplasmic leaflet of cellular membranes through a poorly understood series of interactions with cellular proteins. Stable membrane association requires integration of the Gag myristoyl moiety into the lipid bilayer and interaction of an N-terminal basic domain with PtdIns(4,5)P 2 , a lipid usually considered to be localized primarily at the plasma membrane [7] . Thus, in many forms of infected or transfected cells making either infectious HIV or Gag VLPs, particles appear to undergo assembly and ESCRT (endosomal sorting complex required for transport)-dependent release at the cell surface [1, 8] . In some cell types, these particles are shed freely into the medium, but in cell lines such as HeLa, an interferoninducible protein, CD317/BST-2/tetherin, can bind the assembled virions and keep them coupled to the cell surface [9, 10] . The viral protein Vpu is able to inhibit tetherin activity to enhance particle release. However, in the absence of Vpu or presence of high levels of tetherin, surface-bound virus particles may be internalized by endocytosis and delivered as intact particles into endosomal vesicles from where they appear to be delivered to CD63
+ late endosomes and lysosomes and are degraded [9, 10] .
Although this pathway is generally accepted for many cell lines, there has been debate about whether the same is true in macrophages [3, [11] [12] [13] [14] [15] . Electron microscope observations of macrophages in tissue samples from infected patients, isolated macrophages ex vivo and macrophages infected with HIV in culture have shown the presence of intracellular mature virus particles in large cytoplasmic vacuoles [5] . Although the nature of these vacuoles has been obscure, immunolabelling of cryosections suggested that they might be endosomal in nature [16] [17] [18] . In particular, the presence of CD63, a tetraspanin found primarily on the internal vesicles of late endosomal MVBs (multivesicular bodies), in these virus-containing vesicles and in the HIV membrane promoted this idea. However, recent studies have suggested that endosomal compartments are not the sites of HIV assembly in macrophages [12, 13] . EM (electron microscopy) studies reported by Welsch et al. [13] and ourselves [12] indicated that the membranes used for HIV assembly in macrophages are continuous with the plasma membrane. Whereas Welsch et al. [13] have suggested that these are just deep invaginations of the plasma membrane where virus particles may be trapped, we have favoured the view that the HIV-containing compartments are, in fact, plasma membrane domains that are sequestered within the cytoplasm, but connected to the surface through closely apposed membrane sheets [12] (Figure 1 ). Whatever the exact organization of these compartments, there is little doubt that they are sites of HIV assembly. In macrophages derived from monocytes purified from the blood of uninfected donors, infected in culture with Vpu-expressing R5 tropic HIV (e.g. HIV-1 BaL ) and imaged at various times between 6 and 20 days post-infection, budding profiles at the limiting membrane and immature virus particles (in which the Gag protein has not yet undergone proteolytic cleavage) are readily observed on and in these sequestered plasma membrane domains. Mature HIV particles can also be seen and, although it is possible that these virions have originated elsewhere in the cell, it is tempting to believe that they are derived from the budding events seen in this virus assembly compartment. Significantly, under the conditions that we use for infection with low multiplicity virus (∼1 infectious unit per cell), we rarely see any virus particles undergoing assembly at the surface or elsewhere in these infected cells, and neither do we see any evidence of particles tethered to the cell surface or the internalization of tethered clusters of virus particles into endosomal vesicles [12] .
In addition to the presence of immature and mature HIV, the virus assembly compartment usually contains other cellular membranes. These can be membrane vesicles of various sizes (∼100-200 nm in diameter), but other more complex structures are also seen. These include parallel and sponge-like arrays of membranes through which cytoplasm can be traced. EM studies also indicate that these vacuolar structures exist in uninfected cells, where they appear to contain morphologically similar internal structures (Figure 2 ). This indicates that the assembly compartments are The cells were embedded in Epon TM and serial sections were examined by transmission electron microscopy. The montage shows surface-accessible membranes with a flocculated electron-dense Ruthenium Red deposit, but intracellular compartments that are not connected directly to the plasma membrane (e.g. endosomes and lysosomes) are not labelled with Ruthenium Red. Asterisks mark HIV particles inside a virus assembly compartment. The virus particles and the limiting membrane of the compartment are labelled with Ruthenium Red. The black arrowheads mark Ruthenium Red-labelled closely apposed membrane sheets associated with virus assembly compartments that may provide connections to the cell surface [12] . PM, plasma membrane; Li, lipid droplets. Scale bar, 500 nm.
not induced by HIV infection, although the virus may affect their distribution, biochemical composition and size [12] . The presence of internal membranes including vesicular profiles gives the virus assembly compartment a multivesicular appearance, but it is important to stress that these organelles are not endosomal in nature and should not be considered as multivesicular late endosomes or MVBs. Immunofluorescence and immunolabelling of cryosections indicate that the HIV assembly compartment contains a number of molecules present on the cell surface/plasma membrane, including the tetraspanins CD9, CD53, CD81 and CD82, the hyaluronic acid receptor CD44, the inositol phospholipid PtdIns(4,5)P 2 and AP2 (adaptor protein 2)-containing clathrin coated pits, but labelling for endocytic compartment markers such EEA1 (early endosomal antigen 1), LAMP-1 (lysosome-associated membrane protein) or the transferrin receptor is minimal ( [12] and A. Pelchen-Matthews, unpublished work). Significantly, in uninfected cells, the late endosomal tetraspanin CD63 is not detected in the compartment, but, following HIV infection, CD63 accumulates in this compartment, as do the viral Figure 2 Semi-thin cryosections of uninfected monocyte-derived macrophages were labelled with antibodies against CD44 (red), a cell-surface antigen found in the HIV assembly compartment, and the HIV capsid protein/p24 (green), followed by appropriate second-layer antibodies conjugated to Alexa Fluor ® dyes The lower panel shows a section through a single macrophage by phase-contrast microscopy. The upper panel shows a merged image for the red and green channels. No labelling is seen for capsid/p24, but prominent labelling for CD44 is seen both at the cell surface and associated with an intracellular compartment. This intracellular compartment resembles HIV-containing structures seen in infected cells [12] . Scale bar, 10 μm.
proteins Gag and Env [12] . We suspect that, under normal circumstances, CD63 may cycle through the assembly compartment at low levels, but, when HIV is present, CD63 is captured on to budding virus particles and removed from the cycling pool and thus appears to accrue in the compartment [12] . Why CD63 accumulates in the virus assembly compartment is unclear; this and other tetraspanins have been proposed as markers for membrane domains involved in virus assembly [19] , but our RNAi (RNA interference) knockdown experiments indicate that, in macrophages at least, CD63 is not required for HIV assembly, neither does its loss affect virus infectivity on reporter cells [20] .
Although our observations indicate that HIV assembly in macrophages occurs primarily on an internally sequestered plasma membrane domain, the molecular mechanisms involved in virus particle formation are likely to be the same. The membrane of the assembly compartments contains PtdIns(4,5)P 2 ; HIV release from transfected macrophages requires an intact late domain PTAP (Pro-Thr-Ala-Pro) sequence [21] and VLP release can be inhibited by Tsg101 (tumour susceptibility gene 101) knockdown, suggesting involvement of the ESCRT pathway. Moreover, it is a consistent and intriguing observation that membraneassociated viral proteins are only seen at detectable levels associated with the assembly compartment and not the cell surface proper. Whether newly synthesized Gag and Env are targeted specifically to the assembly compartment or are first sorted to the cell surface and then redirected to the assembly compartment is currently unclear, and the molecular basis for this effect is unknown. However, it does appear that rapid expression of viral proteins, after transfection of expression constructs or through the use of pseudotyped virus, can overwhelm the fidelity of assembly, and virus particles can then be seen forming at the surface of the cell as well as within the intracellular assembly compartment [14] .
Advantages of intracellular virus assembly
Macrophages are relatively resistant to the cytopathic effects of HIV infection and have the capacity to exist for months, if not years, following HIV infection [3] . In vivo, this is likely to require that HIV-infected cells avoid the attention of the host's immune system. To date, a number of mechanisms have been proposed that may contribute to these effects, the most widely debated being the ability of the viral Nef protein to down-regulate key cell-surface proteins including the virus receptor CD4 and MHC antigens [22] . The ability of the virus to restrict assembly of progeny virions to an internal site may serve to limit the display of viral proteins on the cell surface. Recent measurements suggest that virus particle formation takes in the order of 10-15 min [8] . As each particle would recruit envelope protein trimers, this would suggest that clusters of viral antigens would be present in the plasma membrane for significant periods of time for surface budding events. Removing these events from the cell surface to internal membranes may keep the infected cells 'under wraps'.
The internal sequestration of virus particles may also allow virus release to be temporally and spatially regulated. CD4 + T-cells are major targets for HIV infection, and it is the infection and subsequent death of these cells that eventually results in immune deficiency. HIV infection and replication in T-cells requires activation. In vivo activation of CD4 + T-cells is achieved through association with and stimulation by APCs (antigen-presenting cells), which include macrophages. APC-T-cell interactions involve the formation of so-called synapse domains where MHC antigen-TcR (T-cell receptor) complexes and a variety of co-receptor and accessory proteins establish signalling platforms that result in activation of the T-cell as well as reverse signalling into the APC [23] . Synapse domains, or, more specifically, virological or infectious synapses, have been proposed as routes for the efficient cell-to-cell transfer of HIV and other viruses [24] [25] [26] . These virological synapses have a number of features in common with immunological synapses, although the presence of MHC and TcR is not essential. Thus HIV may exploit a normal activity of macrophages to activate T-cells by coupling the release of internally sequestered infectious virus through synapse domains to T-cell activation. It appears that T-cells can induce virus release from HIV-infected cells [27] , and that, at least in part, this may occur through synapse-like domains [28] . Moreover, dendritic cells, a major APC type that is closely related to macrophages, also appear to have a morphologically similar compartment in which HIV particles can be sequestered before transfer to T-cells [29] [30] [31] .
A further observation from immunolabelling experiments suggests that HIV generated in the assembly compartment of macrophages may have some attributes different from those of the virus generated by budding at the surface of T-cells. One of the key proteins that must be incorporated into virus particles is the Env protein. Studies in our own and other laboratories have identified conserved trafficking signals in the cytoplasmic domain of the HIV and SIV (simian immunodeficiency virus) Envs that target these proteins to plasma membrane clathrin-coated pits for endocytosis [32, 33] . The effect of these signals is that Env molecules reside in the plasma membrane for only a short time before being internalized (∼5 min), that the level of Env on the plasma membrane of infected cells is relatively low and that little Env is incorporated into viral particles [32, 33] . Indeed, electron tomography of HIV-1 particles formed in lymphoid cell lines indicate that most particles have just seven to fourteen Env complexes [34, 35] . By contrast, immunolabelling of sections of HIV-1 infected macrophages for Env indicates heavy labelling of virus particles in the assembly compartment (A. Pelchen-Matthews and M. Marsh, unpublished work). Given that antibody-Protein A-gold labelling of cryosections is inefficient (at best 10 %) [36] , this suggests that macrophagederived HIV particles may have significantly higher levels of Env than T-cell-derived particles and, as a consequence, may be more infectious [37] .
Summary
Our extensive morphological analysis strongly suggests that the virus-containing vacuoles seen in macrophages infected with low multiplicity of HIV are internally sequestered plasma membrane domains that are major sites of virus assembly. Moreover, these sites appear to be the main locations at which infectious particles are produced. The organelles are morphologically complex and contain internal membrane structures, as well as a number of integral membrane proteins that are also found at the cell surface. HIV assembly in this compartment may provide a number of advantages for the virus that facilitate its transfer from infected APCs to CD4 + T-cells. However, the components that define this compartment, the molecular basis through which it is targeted by HIV and the role of this compartment in macrophages in vivo remain to be established.
